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Ciliary neurotrophic factor (CNTF) participates in retinal development by inhibiting rod differentiation and promoting bipolar and Müller cell
differentiation. In order to identify genes which are regulated by CNTF in the developing retina, we carried out a subtractive hybridization study.
By this approach, we identified the Pleiotrophin (Ptn) as an upregulated gene in postnatal day 0 (P0) retinal explants upon addition of CNTF.
Correlation of overall expression patterns between different retinal cell markers and Ptn in situ hybridization suggest that Ptn transcripts are
initially expressed in progenitor cells then in postmitotic precursors of the INL expressing the Chx10 gene, and later in some differentiated retinal
Müller glial (RMG) cells and rod–bipolar cells. Overexpression of Ptn by in vitro electroporation of P0 rat retinal explants partially blocks rod
differentiation and promotes bipolar cell production, similar to effects of exogenous CNTF and leukemia inhibitory factor (LIF). Furthermore, in
P0 retinal explants from mice lacking Ptn, the inhibitory effect of CNTF and LIF on rod differentiation is partially reduced and the cytokine-
induced bipolar cell differentiation is largely prevented. Together, these results demonstrate that influence of CNTF family of cytokines on the
differentiation of late retinal progenitor cell population is partially mediated by the release of Ptn.
© 2006 Elsevier Inc. All rights reserved.Keywords: CNTF; Pleiotrophin; Retina; Differentiation; Photoreceptor; Bipolar cellsIntroduction
The vertebrate retina is a highly organized laminar structure
composed of six types of neurons including rod and cone
photoreceptors, retinal ganglion, horizontal, amacrine, bipolar
cells and the Müller cells, which represent the major type of
glial cells. Evidence emerging from a variety of studies revealed
that all seven cell types are derived from multipotent progenitor
cells in an evolutionarily conserved chronological order, with
retinal ganglion cells produced first and rods, bipolar cells and
Müller glia generated last (Young, 1985a,b). Accumulating
evidence suggests that cell fate specification and differentiation⁎ Corresponding author. INSERM UMR S 592, Bat. Kourilsky, Hôpital Saint-
Antoine, 184 rue du Faubourg Saint-Antoine, 75571 Paris cedex 12, France.
Fax: +33 1 49 28 66 63.
E-mail address: goureau@st-antoine.inserm.fr (O. Goureau).
0012-1606/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.07.003choices are regulated by both cell-intrinsic and cell-extrinsic
factors (Cayouette et al., 2003; Hatakeyama and Kageyama,
2004; Livesey and Cepko, 2001; Marquardt and Gruss, 2002).
Among the candidate molecules that might act as extrinsic
cues to influence cell fate specification and/or differentiation,
ciliary neurotrophic factor (CNTF) has been shown to strongly
affect neurogenesis of the vertebrate retina. In both rat and
mouse retinas, CNTF as well as leukemia inhibitory factor
(LIF), another CNTF-like cytokine belonging to the IL-6
family, strongly inhibit rod photoreceptor cell differentiation
(Ezzeddine et al., 1997; Kirsch et al., 1996; Neophytou et al.,
1997; Schulz-Key et al., 2002); whereas in the chicken retina,
CNTF promotes development of a subset of cone photorecep-
tors (Fuhrmann et al., 1995; Kirsch et al., 1996; Xie and Adler,
2000). Furthermore, CNTF enhances the expression of bipolar
neuron markers in rat retinal cultures (Bhattacharya et al., 2004;
Ezzeddine et al., 1997; Schulz-Key et al., 2002), and we have
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from the postnatal retinal progenitor pool (Goureau et al., 2004).
Despite the multiple effects of CNTF on retinal differentia-
tion, the molecular mechanisms and the signal transduction
pathways mediating these effects are not fully elucidated
(Bhattacharya et al., 2004; Goureau et al., 2004; Ozawa et al.,
2004; Rhee et al., 2004). In order to achieve a more
comprehensive understanding of the effects of CNTF on
postnatal retinal development, we used a subtractive hybridiza-
tion approach to identify transcripts whose expression was up-
or down-regulated following CNTF treatment in postnatal day 0
(P0) retinal explants (Roger et al., in preparation), prior to
completion of the late histogenesis (Livesey and Cepko, 2001;
Young, 1985a,b).
Our approach has revealed a candidate in the form of
Pleiotrophin (Ptn), as a novel gene upregulated by CNTF in P0
retinal explants after 6 days in vitro. Ptn, also known as HB-
GAM for heparin-binding growth-associated molecule (Mer-
enmies and Rauvala, 1990), and Midkine are the two members
of one heparin-binding growth factor family (Deuel et al., 2002;
Kadomatsu and Muramatsu, 2004). Among their diverse
biological roles, Ptn and Midkine have been involved in
neurogenesis by promotion of neurite outgrowth and nerve cell
migration (Chang et al., 2004; Kaneda et al., 1996; Mourlevat et
al., 2005; Rauvala et al., 1994). More recently, Ptn has been
described as a key molecule in the regulation of stem cell
proliferation and differentiation (Hienola et al., 2004; Jung et
al., 2004).
These data prompted us to investigate in more detail the
function of Ptn in mediating the effects of CNTF and LIF on
retinal progenitor differentiation. We present evidence that Ptn
mRNA and protein are upregulated by CNTF and LIF in the
retina during postnatal development and that overexpression of
Ptn prevented photoreceptor differentiation and induced bipolar
cell production. Furthermore, both the inhibitory effect of
CNTF and LIF on rod differentiation and the cytokine-
promoted bipolar cell development are partially reduced in
Ptn-knockout mice, suggesting that Ptn may mediate the effect
of CNTF family of cytokines on late retinal progenitor cell
differentiation.
Materials and methods
Animals, growth factors and antibodies
Retinal tissues were derived from newborn Sprague–Dawley OFA rats from
Charles River (France) and from newborn wild-type or HB-GAM-knockout
129/SvEv mice. Pregnant wild-type or HB-GAM-knockout 129/SvEv mice
were produced in the Neuroscience Center, University of Helsinki, Finland
(Amet et al., 2001) to obtain wild-type and knockout pups for experimentation.
The methods used to secure animal tissue complied with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.
Rat recombinant CNTF was purchased from R&D Systems Europe (France).
The monoclonal antibody against Rhodopsin, Rho-4D2 (Laird and Molday,
1988), was a generous gift from Dr. Molday (University of British Columbia,
Vancouver). The polyclonal anti-recoverin, the monoclonal anti-glutamine
synthetase (GS), the monoclonal anti-Goα, the monoclonal anti-β-actin and the
recombinant mouse LIF were purchased from Chemicon (Euromedex,
Souffelweyersheim, France) and the polyclonal anti-GFP from Torrey Pines
Biolabs (Houston, TX). The polyclonal anti-Protein Kinase Cα (PKCα) and themonoclonal anti-PCNA (PC10) were obtained from Sigma-Aldrich (St Quentin-
Fallavier, France). The monoclonal antibody against cellular retinaldehyde-
binding protein (CRALBP) was obtained from Affinity BioReagents (Ozyme,
St. Quentin en Yvelines, France) and the sheep polyclonal anti-Chx10 from
Exalpha Biologicals (France-Biochem, Paris). The goat polyclonal anti-Ptn,
which works only for Western blot experiments, was purchased from R&D
Systems Europe (Lille, France) and the horseradish-peroxidase-conjugated IgG
against goat or mouse from Jackson ImmunoResearch (Immunotech, Marseille,
France). Goat anti-rabbit, anti-mouse or anti-sheep AlexaFluor 488 or 594 were
obtained from Molecular Probes (Invitrogen, Cergy-Pontoise, France).
Retinal explants cultures
Newborn retina were dissected in Hank's Balanced Sodium Salts (HBSS)
without calcium and magnesium (Invitrogen) and then placed on polycarbonate
filter discs (Dutscher S.A., Brumath, France) as previously described (Rhee et
al., 2004). Retinal explants were cultured in DMEM/F12 medium (Invitrogen)
with 10 mM HEPES pH 7 containing 5% fetal calf serum (FCS) in the presence
or in the absence of 10 ng/ml of either CNTF or LIF. The medium was changed
every 3 days. After a specified number of days in vitro (DIV), explants were
detached from the filters and dissociated with trypsin. Dissociated cells were
plated on glass slides coated with poly-D-lysine at 37°C for 2–3 h before fixation
and immunostaining.
RNA isolation and RT-PCR
After a specified number of days in vitro culture, retinal explants were
washed in phosphate buffer saline (PBS) without calcium and magnesium and
homogenized in 1 ml Trizol (Invitrogen). Total RNAwere extracted according to
the manufacturer's recommendations. Two micrograms was digested with
DNase I (Invitrogen) in a final volume of 10 μl. After addition of 1 μl EDTA
(2 mM), DNase I was inactivated at 65°C and samples were reverse transcribed
into cDNA by incubation with 1 μl of Deoxyribonucleoside triphosphate
solution (dNTP) (10 mM of dATP, dCTP, dGTP, dTTP), 1 μl of oligodT
(10 μM), 4 μl 5× reaction buffer, 2 μl of 0.1 M Dithiotreitol (DTT), 1 μl of
RNasin and ×200 U of superscript II (Invitrogen) to a final volume of 20 μl.
Samples were incubated 50 min at 42°C and then enzyme was inactivated at
70°C during 15 min.
Quantification by real-time PCR
Real-time PCR was performed using a LightCycler rapid thermal cycler
system (Roche Diagnostics Ltd, United Kingdom), according to the manufac-
turer's instructions. Reactions were performed in a 20 μl final volume with
1.25 μM primers and 4 μl of LightCycler FastStart DNA MasterPLUS SYBR
Green I containing buffer, MgCl2, SYBR Green dye and dNTP mix (with dUTP
instead of dTTP) (Roche Diagnostics, Germany). Pleiotrophin primers used
were: forward primer 5′-GACTCAGAGATGTAAGATCCC-3′ and reverse
primer 5′-TGTGCAGAGCTCTCTTCAGAC-3′. S26 was amplified with the
following primers: forward primer 5′-AAGTTTGTCATTCGGAACATT-3′ and
reverse primer 5′-GATCGATTCCTGACAACCTTG-3′; a typical amplification
protocol included a 95°C initial denaturation step for 10 min followed by 45
cycles with a 95°C denaturation for 1 s, an annealing at 60°C for 5 s and an
extension at 72°C for 20 s. Detection of the fluorescent product was carried out
at the end of the 72°C extension period. To confirm amplification specificity, the
PCR products from each primer pair were subjected to a melting curve analysis
and subsequent agarose gel electrophoresis. Melting curve was performed with a
95°C denaturation for 120 s followed by annealing for 120 s and an increase of
temperature from 65°C to 95°C by 0.1°C/s. For normalization of each sample,
S26 primers were used to measure the amount of S26 cDNA. All samples were
run in duplicate, and the data were presented as ratio of target gene/S26
(arbitrary unit).
In situ hybridization
After defrosting and drying at room temperature, sections were post-fixed on
ice for 10 min in 4% paraformaldehyde in PBS and then washed 2 times in PBS
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probes, generated according to the manufacturer's instruction (Boehringer
Mannheim), were diluted (1:200) in pre-warmed (65°C) hybridization buffer
(195 mM NaCl, 5 mM Tris–HCl, 1 mM Tris–Base pH 7.2, 4 mM
NaH2PO4·H2O, 5 mM NaH2PO4·12H2O, 5 mM EDTA pH 8, 10% dextran
sulfate, 1 mg/ml tRNA E. coli, 1× Denhardt's, 50% demonized formamide) and
added on each slide which were covered with a glass coverslip and incubated
overnight at 65°C. Sections were then washed two times for 30 min in washing
probe solution at 65°C (50% formamide, 1× SSC, 0.1% Tween-20) and two
times for 30 min at room temperature in Maleic Acid Buffer (0.1 M maleic acid,
2 N NaOH, 75 mM NaCl) with 0.1% Tween-20 (MABT). They were then
blocked for at least 1 h at room temperature in blocking buffer, MABTwith 2%
Blocking Reagent (Roche Diagnostic, Lewes, UK) and 20% heat inactivated
normal goat serum. Anti-DIG antibody was diluted in blocking buffer (1:2000),
and slides were incubated overnight at 4°C. Five washes for 20 min at room
temperature in MABT and 2 supplementary washes for 10 min at room
temperature were performed in alkaline phosphatase buffer (100 mM NaCl,
100 mM Tris pH 9.5, 50 mM MgCl2·6H2O, 0.1% Tween-20), before detection
with Nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indoyl phosphate
(BCIP) in alkaline phosphatase buffer or visualized with Fast Red (Roche
Diagnostics, Germany). When the desired signal has developed, the reaction
was stopped with PBS–0.1% Tween-20, 0.5 M EDTA and sections mounted in
permanent mounting medium Euckitt (Labonord, France) or with Gel Mount
(Biomeda, Dutscher, France) and covered with glass coverslips.
Western blot analysis
Protein extracts were collected in lysis buffer (20 mM NaH2PO4−, 250 mM
NaCl, 30 mM NaPPi, 0.1% NP40, 5 mM EDTA, 5 mM DTT) containing
protease inhibitors from rat retinas at different stages of development or from
retinal explants after different times of culture. Homogenates were sonicated and
centrifuged for 5 min at 5000×g, and then 20 μg of the supernatant was
subjected to SDS-PAGE. Proteins were transferred to nitrocellulose membrane
(Millipore, St Quentin en Yvelines, France) by electroblotting. The membrane
was blocked for 1 h at room temperature with 5% skim milk in PBS–0.1%
Tween-20 (PBT) and incubated with either a goat polyclonal anti-Ptn (1:150 in
PBS/5% skim milk) or the mouse monoclonal anti-β-actin (1:7000 in PBS/5%
skim milk) overnight at 4°C. After washing in PBT, the membrane was
incubated for 60 min at room temperature with anti-mouse IgG conjugated to
horseradish peroxidase (1:7500 in PBS/5% skim milk) anti-goat IgG conjugated
to horseradish peroxidase (1:1000 in PBS/5% skim milk). After successive
washing with PBTand PBS alone, the peroxidase activity was detected using the
Enhanced Chemiluminescence System Plus (Amersham Biosciences, Saclay,
France) on X-ray film and the relative optical densities were measured digitally
from the scanned images by Quantity One software (Bio-Rad, Marnes la
Coquette, France).
Construction of the pCIG-Ptn-eGFP vector
cDNA corresponding to the coding sequence of Ptn was amplified using the
following primers by PCR: forward primer 5′-ATGTCGTCCCAGCAATAC-
CAG-3′ and reverse primer 5′-TTAATCCAGCATCTTCTCCTGT-3′, Rattus
norvegicus pleiotrophin (GenBank accession no. NM_017066). PCR were
performed in a 50 μl final volume with 0.2 μM of each primer, 1× reaction
buffer, 200 μM of each dNTP, 1 μl of cDNA from retinal explants at 6 DIVand
2.5 U of PfuTurbo® Hotstart DNA polymerase (Stratagene, Netherlands).
Amplification protocol included an initial denaturation for 2 min followed by 30
cycles with a 95°C denaturation for 30 s, an annealing at 58°C for 30 s and an
extension at 72°C for 1 min. A final amplification at 72°C for 10 min was
performed. The PCR product was sub-cloned into pCRII-TOPO vector
(Invitrogen, France) and transformed into E. coli TOP10F′ chemically
competent cells (Invitrogen, France). After selection of positive white clones
by restriction enzymes analysis of purified plasmid DNA, Ptn was cloned by
EcoRI digestion (Invitrogen, France) into a pCIG vector (kind gift of Dr.
Mathis, Institut Pasteur, France). pCIG has been made by linker insertion of
three nuclear localization sequences into pIRES2-eGFP (BD Biosciences
Clontech, France) and transferring to pCAGGS (Megason and McMahon,
2002). Positive clones were identified by restriction enzymes analysis of purifiedplasmid and verified by DNA sequencing. Plasmid DNA used to electroporation
was prepared using Qiagen Maxiprep and eluted in water.
Electroporation of retinal explants
Dissected retinas from P0 rat were cut into 3 pieces and were submerged in
1 mg/ml DNA. They were then subjected to 6 electric pulses at 25 V with 50 ms
duration and 500 ms intervals using a BTX ECM830 square wave generator
(BTX, QBiogen, France with gold plated genetrodes (BTX, QBiogen, France).
Empty vector pCIG-eGFP was used as control and expressed a nuclear enhanced
green fluorescent protein (eGFP) from the chicken β-actin promoter.
Transfected explants were cultured in vitro as described above.
Immunostaining, image acquisition and data analyses
Retinal explant sections or dissociated cells were fixed with 4% PAF in PBS
for 5 min before immunostaining. After washes with PBS, nonspecific binding
sites were blocked with DMEM containing 10% FCS, 2% goat serum, 2%
donkey serum and 0.1% Triton X-100 for 1 h at room temperature. Primary
antibodies (describe above) were diluted in blocking buffer and incubated at
room temperature for 1 h or 4°C overnight. Cells or sections were washed three
times in PBT and then were incubated for 1 h with appropriate secondary
antibodies diluted at 1:300 in blocking buffer with 1:300 diamidino-phenyl-
indole (DAPI). After three washes with PBT, they were mounted with Gel
Mount (Biomeda, Dutscher, France). TUNEL staining was performed according
to the manufacturer's recommendations (in situ cell death detection kit from
Roche, Mannheim, Germany). Fluorescent staining signals were captured with a
DM 5000 microscope (Leica, France) equipped with a CCD CoolSNAPfx color
camera (Roper Scientific, France). MetaMorph software (Universal Imaging
Corporation, Downingtown, PA) was used to measure and analyze the intensity
of fluorescent staining. The same thresholds for fluorescent staining signals were
used for a given antibody combination and experiment. Quantification of marker
staining is expressed as mean±SEM. Statistical analysis was made by Statisica
Software (StatSoft, France) with ANOVA test followed to a Newman–Keuls
test. p<0.05 is considered significant.
Results
Upregulation of Ptn by CNTF in postnatal retinal explants
Our subtractive hybridization approach (Roger et al., in
preparation) on P0 explants treated with CNTF has allowed us
to select Ptn as a new gene potentially upregulated by CNTF. In
order to confirm that Ptn was upregulated by CNTF, culture of
rat retinal explants from P0 rats was treated with CNTF for 1, 3
or 6 days in vitro (DIV), and expression of Ptn mRNA and
protein was analyzed by real-time PCR and Western blot
respectively.
Real-time PCR experiments demonstrated that Ptn tran-
scripts were already induced by CNTF after 1 DIV (Fig. 1A).
Maximal induction, approximately 35%, was obtained at 6 DIV,
corresponding to the times chosen for RNA subtraction. A
significant increase of Ptn expression can be observed during
the time course of culture, when the differentiation of late
progenitors proceeds (Livesey and Cepko, 2001; Young, 1985a,
b), in unstimulated explants as well as in CNTF-treated
explants. Analysis by Western blot after 6 DIV confirmed the
upregulation of Ptn by CNTF at the protein level (Fig. 1B).
Since several studies have shown that LIF and CNTF, which
share the same gp130 transductory pathway, exhibit similar
functions on retinal development (Bhattacharya et al., 2004;
Ezzeddine et al., 1997; Neophytou et al., 1997; Zahir et al.,
Fig. 1. Induction of Ptn expression by CNTF and LIF in retinal explants. P0 rat
retinal explants were cultured for 1, 3 or 6 days in vitro (DIV) with medium
alone (black bars) or supplemented with 10 ng/ml of either CNTF (gray bars) or
LIF (white bars). (A) After indicated times, RNAwere extracted, and Ptn mRNA
expression was analyzed by real-time RT-PCR. Histogram illustrates the Ptn
mRNA expression, normalized by S26. Data are expressed as mean±SEM
from two independent experiments performed in triplicate. Asterisks indicate
p values; *p<0.05; **p<0.01; ***p<0.001. (B) After 6 DIV, proteins were
extracted and Ptn protein was analyzed by Western blot. Histogram illustrates
the expression of Ptn, normalized by β-actin. (C) After 6 DIV, explants were
fixed and subjected to in situ hybridization (ISH) using digoxygenin-labeled
RNA probe for Ptn. onl, outer nuclear layer; opl, outer plexiform layer; inl,
inner nuclear layer; ipl, inner plexiform layer; gcl, ganlion cell layer. Western
blot and ISH experiments shown represent one of three independent trials,
which gave similar results.
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expression. Real-time PCR experiments confirmed that LIF
induced Ptn mRNA after 1 DIV, with maximal induction after
3 and 6 DIV (Fig. 1A). Ptn protein was also upregulated by
LIF after 6 DIV at a similar level to that obtained with CNTF
(Fig. 1B). After 6 DIV, no difference between the percentage
of Ptn mRNA induction was detected in explants co-stimulatedby CNTF and LIF (42±16%, n=5) compared to explants
stimulated with either CNTF (35±5.6%) or LIF alone (42±
15.6%). All these results suggested that induction of Ptn in the
postnatal retina is through a common process of activation of
the gp130 pathway.
In situ hybridization of retinal explants after 6DIV showed
Ptn expression in cells localized in the inner nuclear layer (INL)
that is being formed. Higher levels of Ptn mRNAwere detected
in the same part of the retina after addition of CNTF or LIF (Fig.
1C), suggesting that Ptn expression is upregulated in regions of
its normal expression pattern rather than ectopically activated in
other part of the retina.
Expression of Ptn during postnatal differentiation of rat retina
We first analyzed the temporal expression of Ptn during
postnatal retinal development. Western blot analysis (Fig. 2A)
demonstrated that Ptn is expressed at P0, and maximal
expression is observed between P6 and P10, thereafter Ptn
protein level declines sharply. These results, in agreement with
the previous increase of Ptn observed in P0–P6 cultured retinal
explants (Fig. 1A), suggest that Ptn expression increases during
postnatal retinal development and that its expression is down-
regulated, when the retina is fully differentiated.
To determine the spatial distribution of Ptn during retinal
development, we analyzed the expression pattern of Ptn mRNA
using in situ hybridization at different stages of postnatal
development. At P0, Ptn transcripts were faintly expressed
throughout the ventricular zone, with more intense staining in
ventricular cells near the ganglion cell layer (Fig. 2B, a). At P5
(Fig. 2B, b), when ventricular cells differentiate into neurons
and glia, which further partition to form the INL and the outer
nuclear layer (ONL), Ptn transcripts were only expressed in the
INL, where residual progenitor cells reside. Ptn transcripts were
undetectable in the outer nuclear layer, which contains cones
and rods, and in the retinal ganglion cell layer. After this time,
the expression of Ptn transcripts largely decreased from P10
(Fig. 2B, c) to adult (Fig. 2B, e) where no signal was detected.
At P5, the cell population in the forming INL, where Ptn
transcripts were located, stained positive for the progenitor
marker proliferating cell nuclear antigen (PCNA) and for
Chx10 (Figs. 3A–D), a homeobox gene described to endow
the INL-specific identity stage (Hatakeyama et al., 2001;
Rowan and Cepko, 2004). Merge image (Fig. 3S) confirmed
that most PCNA-positive cells coincide with Ptn mRNA
expressing cells. Image analyses showed that at P7, when Ptn
transcripts were also abundantly expressed, a substantial
number of Chx10-positive cells were localized in the same
part of the center of the INL (Fig. 3J). In contrast, no PCNA-
positive cells were observed (Fig. 3I), confirming that most
progenitors are already withdrawal from the cell cycle at this
stage (Livesey and Cepko, 2001; Young, 1985a,b). These
observations suggest that some late progenitor cells giving rise
to INL cells including Müller and bipolar cells express Ptn
and that Ptn mRNA expression persists in postmitotic cells.
Immunostaining on adjacent sections with two bipolar
markers, Goα and PKCα (Haverkamp and Wassle, 2000),
Fig. 2. Pattern of Ptn expression during postnatal retinal development. (A) Retinas were harvested at the indicated stage of postnatal (P) development or adult (Ad) and
proteins were extracted to analyze Ptn expression by Western blot. Experiment shown represents one of three independent trials, which gave similar results. (B)
Transverse sections from P0 (a), P5 (b, f), P10 (c), P14 (d) and adult (e) rat retina were subjected to in situ hybridization using digoxygenin-labeled RNA probe for Ptn.
(f) The Ptn sense probe served as an in situ hybridization control. vz, ventricular zone; onl, outer nuclear layer, opl, outer plexiform layer; inl, inner nuclear layer; ipl,
inner plexiform layer; gcl, ganglion cell layer. Scale bar=100 μm.
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essentially the IPL and cells closed to the IPL, described as
amacrine cells (Greferath et al., 1990; Johansson et al., 2000).
The first bipolar cells became discernible at P7 in the INL
with PKCα staining (Fig. 3L) (Johansson et al., 2000), in the
same region containing Ptn mRNA (Fig. 3G). At P10, cells
expressing Ptn mRNA were limited to the central part of the
INL, where Chx10-positive cells, bipolar and Muller cells
were detected (Figs. 3M–R). A similar correlation was
observed with the last Ptn-positive cells at P14 when INL
differentiation is completed (data not shown). Merge images
using fluorescence ISH showed that Ptn mRNA was detected
in the majority of cells in the lower tier of the INL,
overlapping with differentiated Müller cells labeled with
glutamine synthetase (GS) (Fig. 3T). Furthermore, a staining
of Ptn mRNA appeared in differentiated bipolar cells labeled
with PKCα particularly at the level of the plexiform layers
(Fig. 3U).
Consistent with these results in vivo, we detected Ptn
transcripts by real-time RT-PCR experiments in pure retinal
Müller glial (RMG) cells after 3 and 6 days in culture (data not
shown). Furthermore, CNTF-stimulated RMG cell cultures
showed a 46±8% increase of Ptn mRNA production compared
to unstimulated cell cultures after 6 days (n=3, p>0.01).Ectopic expression of Ptn leads to a diminution of rod
photoreceptors and an increase of rod–bipolar cells
Since Ptn expression was induced by CNTF and LIF in
retinal explants and seemed to follow postnatal retinal
differentiation, we investigated the possibility that Ptn
mediated the effects that CNTF and LIF have on retinal
development. To test this hypothesis, we overexpressed Ptn by
electroporating retinal explants established at P0 with the
pCIG-Ptn-eGFP vector. This expression vector contained an
internal ribosome entry site (IRES) sequence to generate
enhanced green fluorescent protein (eGFP) under the control
of the same promoter (see Materials and methods). After
different times of culture, explants were dissociated and then
cells were labeled with antibodies to eGFP and to rhodopsin
(Rho) in order to evaluate the percentage of rods among
electroporated and total cells. Analysis of immunostaining
with anti-GFP revealed that averaging 10% of retinal cells
became GFP-positive: percentages of GFP+ cells after 3, 7
and 10 DIV were 12.7±0.71% (n=11), 10.15±1.08% (n=22)
and 10.15±1.85% (n=12), respectively with pCIG-eGFP
vector and 11.4±1.17% (n=11), 10.29±1.06% (n=22) and
12.03±1.53% (n=12), respectively with pCIG-Ptn-eGFP.
When the control pCIG-eGFP vector was applied, approxi-
Fig. 3. Cellular localization of Ptn transcripts in the INL of the postnatal retina. Transverse sections from P5 (A–F, S), P7 (G–L) and P10 (M–R, T, U) rat retina were
subjected to in situ hybridization using digoxygenin-labeled RNA probe for Ptn detected with NBT/BCIP (A, G, M, S) or with Fast Red (T, U). They were then labeled
with PCNA (C, I, S), glutamine synthetase (O, T) or PKCα (U) antibodies. Immunohistochemistry was done in parallel on adjacent sections with Chx10 (D, J, P), Goα
(E, K, Q) or PKCα (F, L, R) antibodies. onl, outer nuclear layer, opl, outer plexiform layer; inl, inner nuclear layer; ipl, inner plexiform layer; gcl, ganglion cell layer.
Scale bar=20 μm.
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and 7 DIV to increase to 75% after 10 DIV (Fig. 4A). By
contrast, overexpression of Ptn with the pCIG-Ptn-eGFP
vector resulted in 6-fold and 2-fold decrease of cells that were
immunoreactive for Rho among GFP+ cells after 5 DIV and 7
DIV respectively. After 10 DIV, two-fold less number of
double GFP+–Rho+ were still observed in Ptn-electoporated
explants (Fig. 4A).Since pleiotrophin is a secreted molecule (Deuel et al.,
2002), we also examined the effect of overexpression of Ptn on
the whole retinal population. At 5 DIV, Ptn overexpression
caused a significant decrease in Rho+ cells among total cells
from 26.5±1.1 to 11.8±0.8% (Fig. 4B). A similar decrease of
total rod cell number in retinal explants was obtained after
longer times in culture between control and Ptn vectors (Fig.
4B), from 64.3±1.4% to 47.2±1.8% and from 73.6±0.9% to
Fig. 4. Effect of Ptn overexpression on rod photoreceptors and bipolar cells. P0 retinal explants were electroporated with either control pCIG-eGFP (gray bars) or
pCIG-Ptn-eGFP (white bars) vector. After 3, 5, 7 or 10 DIV, explants were dissociated into single cells and stained with either anti-rhodopsin (A, B) or anti-PKCα (C,
D) antibodies. The percentage of double Rho positive (Rho+) and Green Fluorescent Protein positive (GFP+) cells (A) or double PKCα-positive (PKCα+) and GFP+
cells (C) among GFP+ cells were determined. The percentages of Rho+ cells (B) or of PKCα+ cells (D) among total cells were determined. Retinal explants, which
were not electroporated, served as controls (black bars). Data are expressed as mean±SEM from three different experiments each done in triplicate. Asterisks indicate
p values; **p<0.01; ***p<0.001.
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with the control pCIG-eGFP vector demonstrated that electro-
poration did not perturb the normal differentiation of rod
photoreceptors since the same number of Rho+ cells was found
in nonelectroporated explants (Fig. 4B). At 2 and 3 DIV, a
decrease of Rho+ cell number was also observed in rat retinal
explants after ectopic expression of Ptn (data not shown). To
rule out the possibility of an indirect effect on cell survival, we
quantified the percentage of cell death by TUNEL staining in
retinal explants. After 3 DIV, no difference between the
percentage of TUNEL-positive cells was detected in explants
electroporated with pCIG-eGFP (5.06±1.18%, p=0.92) and
with pCIG-Ptn-eGFP (3.86±1.18%, p=0.87) compared to
nonelectroporated explants (4.97±1.23%, n=5). Similar results
were obtained after 7 DIV: values for TUNEL+ cells were 5.13±
0.44% and 4.49±0.65% for control and Ptn-electroporated
explants respectively compared to 4.51±0.83% for the none-
lectroporated explants (p>0.5, n=6).
Since inhibitory effect of CNTF on rod differentiation has
been described to be accompanied by an increase of bipolar cell
marker expression in rodent retina, we examined the effect ofPtn overexpression on a subpopulation of bipolar cells by anti-
PKCα antibody immunostaining (Haverkamp and Wassle,
2000). When P0 retinal explants were electroporated with the
pCIG-Ptn-eGFP vector, more than 15 and 20% of electro-
porated cells became PKCα+ after 7 and 10 DIV compared to
approximately 5 and 7% in control-electroporated explants (Fig.
4C). Results reported in Fig. 4D show that Ptn overexpression
caused also a significant increase in PKCα+ cells among total
cells from 2.12±0.2 to 5.17±0.4% after 3 DIV. A similar
increase of total rod–bipolar cell number in Ptn-overexpressed
retinal explants was obtained after 7 and 10 DIV (Fig. 4D).
After quantitative scoring by immunostaining on dissociated
explants (Fig. 4), we investigated the distribution of GFP+ cells
in flat mount retinal explants 6 days after electroporation in
order to determine the position of electroporated cells within the
retinal layers. The GFP+ cells were detected throughout the
retina from the GCL to the ONL (Fig. 5A). We also confirmed
the decrease of Rho staining in pCIG-Ptn-eGFP-electroporated
explants compared to pCIG-eGFP-electroporated explants (Fig.
5A, upper panels). Furthermore, double immunostaining
showed that a lower proportion of Ptn-electroporated cells were
Fig. 5. Rhodopsin and PKCα expression in P0 retinal explants after Ptn overexpression or treatment with cytokines. (A) P0 retinal explants were electroporated with
either control (pCIG-eGFP) or pCIG-Ptn-eGFP vector. After 7 DIV, explants were fixed and stained with anti-GFP antibody (green) and with either anti-rhodopsin or
anti-PKCα antibody (red). The inserts show twofold magnification of the ONL region for Rho/GFP staining and of the INL region for the PKCα/GFP staining each of
the same panels. (B) P0 retinal explants were cultured with medium alone (control) or supplemented with 10 ng/ml of either CNTF or LIF. After 7 DIV, explants were
fixed and stained with anti-rhodopsin antibody (red) or with anti-PKCα antibody (green). onl, outer nuclear layer, opl, outer plexiform layer; inl, inner nuclear layer;
ipl, inner plexiform layer; gcl, ganglion cell layer. Scale bar=20 μm.
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electroporated retina (Fig. 5A, upper panel inserts). As concerns
the rod–bipolar cells, the small increase induced by Ptn over the
total population of PKCα+ cells (from 2.5 to 5.4% in Fig. 4D)
was very difficult to visualize by immunohistochemistry in
sections of whole mount explants. However, an increase of
double GFP/PKCα-positive cells was observed in the INL
closed to the OPL in Ptn-electroporated samples compared to
the control-electroporated retinas (Fig. 5A, lower panel inserts).
Moreover, we never observed GFP+ cells expressing bipolar
marker PKCα in the ONL from pCIG-Ptn-eGFP-electroporated
explants (Fig. 5A), excluding the expression of bipolar-cell-
specific markers by cells of the photoreceptor layer andconfirming the effect of Ptn on bipolar cell fate. In a similar
way, treatment of P0 retinal explants with CNTF or LIF
enhanced the proportion of PKCα+ bipolar cells in the INL after
cytokine treatment (Fig. 5B), as recently reported with CNTF
on P1 retinal explants (Bhattacharya et al., 2004). The inhibition
of rod differentiation by CNTF and LIF was confirmed on
retinal explants where rhodopsin staining in the ONL largely
decreased after the addition of CNTF or LIF compared to
unstimulated explants (Fig. 5B) and bringing about a decrease
of the ONL thickness.
Recent experiments also demonstrated that CNTF promoted
Müller glial differentiation in postnatal retina (Goureau et al.,
2004; Zahir et al., 2005). To test the effect of Ptn on Müller
535J. Roger et al. / Developmental Biology 298 (2006) 527–539cells, we used antibody against CRALBP, a Müller cell marker
(De Leeuw et al., 1990), to evaluate the number of CRALBP+
cells in retinal explants cultured from P0 to P7, electroporated
with control pCIG-eGFP or pCIG-Ptn-eGFP vector. No signi-
ficant difference was observed in the percentage of CRALBP+
cells between control and Ptn-overexpressed explants (Ptn, 7.0±
1.1%, n=3; control, 5.5±1.2%, n=3). These results demon-
strated that, in rat retina in vitro, Ptn could greatly suppress the
fate of rod photoreceptors and promote the differentiation of
bipolar cells but does not affect Müller glial genesis, suggesting
that Ptn could mimic only some effects of CNTF during
postnatal retinal differentiation.
Attenuation of the effects of CNTF and LIF on rod and
bipolar cell differentiation in retinal explants from
Ptn-knockout mice
To determine whether Ptn participates directly in signaling
triggered by CNTF and LIF to inhibit rod differentiation, we
examined mice that lack the pleiotrophin gene (Amet et al.,
2001). Retinal explants of wild-type and Ptn deficient [−/−]
mice established at P0 were treated with or without cytokines
and maintained in culture for 3, 7 or 10 DIV. After dissociation,
the number of rods was evaluated by staining with the anti-
rhodopsin antibody (R4D2). In CNTF-treated explants from
both wild-type (Fig. 6A) and Ptn [−/−] mice (Fig. 6B), the
proportions of Rho+ cells among the total cell population were
significantly decreased compared to the untreated explants. No
significant differences in the proportion of Rho+ cells were
observed in control retinal explants between wild-type and Ptn
[−/−] mice during the culture (P0–P10). Cytokine-dependent
decreases in Rho+ cell number were already detectable after 3
DIV. At 7 DIV, the percentage of Rho+ cells was significantly
decreased by CNTF and LIF from 64.4±5.1% to 12.0±5.1%
and 8.63±0.17% respectively in explants from wild-type miceFig. 6. Role of Ptn in the inhibitory effect of CNTF and LIF on rod differentiation. Re
or 10 DIV with medium alone (black bars), or with 10 ng/ml of either CNTF (gray b
single cells and the number of Rho+ cells was determined by staining with anti-rhodo
are expressed as mean±SEM from three different experiments each done in triplica(Fig. 6A) and from 62.5±1.4% to 26.3±3.5% and 35.2±2.0%
respectively in explants from Ptn [−/−] mice (Fig. 6B). When
differentiation of rods is complete after 10 DIV, the same effect
was observed. These data suggest that the inhibitory effect of
CNTF and LIF on rod differentiation was more efficient in wild-
type explants. Therefore, we calculated the inhibitory percen-
tage of rod differentiation by the two cytokines at 3, 7 or 10 DIV
for wild-type and Ptn [−/−] mice (Table 1). Our results show
that the inhibitory effect of CNTF and LIF was less pronounced
in retinal explants from Ptn [−/−] mice than those from wild-
type mice (Table 1), suggesting that lack of Ptn is responsible of
partial decrease of cytokine effects on rod differentiation.
Similar results were obtained when we studied the expres-
sion of Recoverin, another marker of rod differentiation, which
is expressed slightly earlier in differentiating rods than opsin
(Schulz-Key et al., 2002). After 1 DIV, inhibition of Recoverin+
cell number by CNTF was decreased from 35.4±3.7% in wild-
type to 22.5±3.4% in Ptn [−/−] retinal explants (p<0.001,
n=4). We also observed less inhibition by CNTF in Ptn [−/−]
than in wild-type retinal explants after 3 DIV, 43.3±1.1%
compared to 66.9±1.8% respectively (p<0.001, n=4). The
inhibitory effect of CNTF on Recoverin+ cells was less than that
obtain on Rho+ cells because, in addition to rods, cones and a
subpopulation of bipolar cells also express this protein (Milam
et al., 1993).
Since misexpression of Ptn caused an increased of PKCα+
cells in explants (Fig. 4C and 5B), we examined the effect of
CNTF and LIF on bipolar development in Ptn deficient retina.
After 7 DIV immunolabeling with anti-PKCα antibody
indicated that, in wild-type mice, CNTF and LIF treatment
resulted respectively in a nearly 4-fold and 5-fold increase in the
percentage of rod–bipolar cells compared to untreated explants
(Fig. 7). In the explants from Ptn [−/−] mice, both CNTF- and
LIF-dependent increases in PKCα-positive cells were greatly
decreased, suggesting that the absence of Ptn expression largelytinal explants from P0 wild-type (A) or Ptn [−/−] (B) mice were cultured for 3, 7
ars) or LIF (white bars). After the indicated time, explants were dissociated into
psin antibody. The percentage of Rho+ cells among total cells is shown, and data
te. Asterisks indicate p values; ***p<0.001.
Table 1
Absence of Ptn decreased the inhibitory effect of CNTF and LIF on rod
differentiation
% of inhibition (control vs cytokine-treated)
CNTF LIF
Wild-type mice Ptn [−/−] mice Wild-type mice Ptn [−/−] mice
3 DIV 85.6±1.5 65.6±2.2*** 87.8±2.2 55.1±3.4***
7 DIV 83.5±2.3 59.2±2.9*** 86.6±2.9 43.2±5.8***
10 DIV 81.5±1.3 68.5±5.8*** 83.0±0.7 56.8±6.0***
Retinal explants from P0 wild-type or Ptn [−/−] mice were cultured for 3, 7 or 10
DIV with medium alone, 10 ng/ml of CNTF or with 10 ng/ml of LIF. After the
indicated time, explants were dissociated into single cells and the number of
Rho+ cells was determined by staining with anti-rhodopsin. The percentage of
inhibition by CNTF and LIF on rod differentiation was calculated at each time
for wild-type and Ptn [−/−] mice. Data are expressed as mean±SEM from three
different experiments each done in triplicate. Asterisks indicate p values;
***p<0.001 between wild-type and Ptn [−/−] mice.
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cell production in the retina.
Discussion
In a differential gene expression study to identify factors that
might be implicated in the CNTF-inhibited rod differentiation in
postnatal retina, we identified Pleiotrophin (Ptn) as an
upregulated gene in developing retinal explants upon addition
of CNTF. The developmental expression pattern of Ptn
corresponds closely to the differentiation of late retinal
progenitor cells and is coincident with the formation of the
inner nuclear layer. The overexpression of Ptn in newborn retina
is sufficient to partially block rod differentiation and promote
bipolar cell genesis, as caused by exogenous CNTF or LIF
(Bhattacharya et al., 2004; Ezzeddine et al., 1997; Kirsch et al.,
1998; Schulz-Key et al., 2002; Zahir et al., 2005). Moreover, the
results obtained in Ptn-knockout mice also demonstrate that Ptn
participates in both suppression of rod differentiation and
induction of bipolar cell differentiation mediated by CNTF and
LIF.
We found that Ptn is expressed in the rat retina during
postnatal development. Spatiotemporal analysis revealed that, inFig. 7. Absence of Ptn prevents the bipolar cell differentiation induced by CNTF an
cultured for 7 DIV (A) or 10 DIV (B) with medium alone (black bars) or with 10 n
explants were dissociated into single cells and the number of rod–bipolar cells was
cells among total cells is shown, and data are expressed as mean±SEM from three
cytokine treatment and control, # between KO and wild-type.neonatal retina, Ptn transcripts localized to the outer neuroblastic
layer, which predominantly consists of progenitors of late born
cells, rods, bipolar and Müller cells. As development proceeds,
Ptn expression was progressively restricted to the inner retina, in
PCNA-positive progenitor cells. We recently demonstrated that,
in P3 and P5 retina, the Crx-positive cells and PCNA-positive
cells were located in mutually exclusive zones of the retina
(Rhee et al., 2004), suggesting that presumptive photoreceptor
cells did not express Ptn. The expression in the INL was broad
during P5–P10, suggesting that the expression pattern of Ptn
temporally correlated with the progression of the differentiation
of cells from the INL, such as bipolar and Müller cells. The
correlation in the overall expression patterns of Chx10, earliest
marker of cells committed to bipolar and Müller cell fate
(Hatakeyama et al., 2001; Rowan and Cepko, 2004), and that of
Ptn mRNA suggests that Ptn is expressed in cells endowed with
INL-specific identity at the end of the first postnatal week. The
expression of Ptn was restricted in the middle of the INL during
the second postnatal week, in cells expressing Muller or bipolar
cell markers.
Taken the transient Ptn expression in the INL during the two
first postnatal weeks, we have postulated that Ptn could play a
role in CNTF-mediated signaling in the differentiation of the
late progenitor cell population. In the past, CNTF has been
largely described in rodents to suppress the development of late
retinal progenitors along rod photoreceptor lineage (Bhatta-
charya et al., 2004; Ezzeddine et al., 1997; Kirsch et al., 1998;
Schulz-Key et al., 2002), while it can positively influence their
differentiation into bipolar and Müller cells (Bhattacharya et al.,
2004; Ezzeddine et al., 1997; Goureau et al., 2004; Zahir et al.,
2005). Several lines of evidence support that LIF plays the same
critical role during retinal neurogenesis (Graham et al., 2005;
Neophytou et al., 1997). In view of the effect of forced Ptn
expression in postnatal retina, decreasing the number of
Rhodopsin-positive cells and increasing the proportion of
cells expressing bipolar-cell-specific markers, it is likely that
the influence of CNTF family of cytokines on rod and bipolar
cell fate is mediated by Ptn. This notion is supported by the fact
that the CNTF-decreased rod cell number is accompanied by a
concomitant increase in Ptn expression. Furthermore, ourd LIF. Retinal explants from P0 wild-type (WT) or Ptn [−/−] (KO) mice were
g/ml of either CNTF (gray bars) or LIF (white bars). After the indicated time,
determined by staining with PKCα antibody. The percentage of PKCα-positive
different experiments each done in triplicate. **p<0.01; ***p<0.001 between
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Ptn hinders the ability of CNTF and LIF to inhibit rod
differentiation and largely prevent their capacity to promote
bipolar cell genesis, confirming that Ptn participate in cytokine-
inhibited rod differentiation and is required in cytokine-
promoted bipolar cell production. The decrease of rod
photoreceptor differentiation induced by the two cytokine was
only prevented by 20–25% in mice lacking Ptn, suggesting the
existence of a potential compensation by the other member of
this heparin-binding growth factor family, the Midkine (Deuel
et al., 2002; Kadomatsu and Muramatsu, 2004). A more likely
explanation could be that CNTF family members activated a
Ptn-independent pathway to suppress rod differentiation. This
notion is supported by the fact that the postmitotic Crx-positive
photoreceptor precursors, which did not express Ptn transcripts,
retain their responsiveness to CNTF to inhibit rod differentia-
tion before they express rhodopsin (Ozawa et al., 2004; Rhee et
al., 2004). We also recently identified the emerging presumptive
photoreceptors as targets for CNTF signaling (Rhee et al.,
2004), confirming that CNTF might interact directly on
presumptive photoreceptor cells to inhibit their final diffe-
rentiation independently of its effect on Ptn upregulation in the
INL. Furthermore, results in Ptn deficient mice demonstrated
that differentiation of rod and bipolar cells was not significantly
changed without exogenous cytokines, suggesting that Ptn is
not absolutely required for late retinal progenitor differentia-
tion. A functional compensation by Midkine, the other member
of the family, or by an independent Ptn pathway could take
place.
Since we recently demonstrate that Janus Kinase/Signal
Transducer and Activator of Transcription (Jak/STAT) and
Extracellular signal-regulated Kinase (ERK) pathways were
activated by CNTF in the retina of postnatal rats (Goureau et al.,
2004; Rhee et al., 2004), the induction of Ptn expression by
CNTF might be mediated through these signaling pathways.
This premise is supported by the fact that, from P0 to P5, many
PCNA-positive progenitors occupying the central retina, where
Ptn transcripts have been detected, respond to CNTF by an
increase of both STAT3 and ERK phosphorylation (Rhee et al.,
2004). Furthermore, at P5, relatively high level of endogenous
phosphorylation of ERK was detected in Müller glial cells and
CNTF triggers phosphorylation of STAT3 in the INL (Goureau
et al., 2004), where maximal level of Ptn transcripts was found.
These results together strongly suggested that cells expressing
Ptn transcripts are specific targets for CNTF signaling.
The question remains as to how Ptn induced by cytokines
from the CNTF family influences the differentiation of both rod
and bipolar cells during late histogenesis. Several specific
homeobox and bHLH transcription factors have been char-
acterized as key regulators of cell fate during late retinal
histogenesis, such a combination Chx10/Ath3 and Crx/NeuroD
for the identity of bipolar cells and photoreceptors respectively
(Hatakeyama and Kageyama, 2004; Marquardt, 2003).
Recently, upregulation of Ath3 by CNTF has been described
to mediate the CNTF-dependent bipolar cell production
(Bhattacharya et al., 2004), while a downregulation of Crx by
CNTF and LIF could be responsible in part of the cytokine-mediated suppression of rod differentiation (Graham et al.,
2005; Ozawa et al., 2004). It is possible that Ptn could regulate
the level of such transcription factors then modify the
competence of late retinal progenitors to differentiate as rods
or bipolar cells. Furthermore, Ptn could negatively regulate
other transcription factors such as Nrl, which is required for rod
differentiation (Mears et al., 2001), or Bhlhb4 essential for rod–
bipolar cell maturation (Bramblett et al., 2004) or positively
regulate suppressors of Nrl or Crx activities (Mitton et al., 2003;
Wang et al., 2002).
The N-syndecan and the receptor-type protein tyrosine
phosphatase β (RPTPβ) have been identified as the two major
neuronal receptors of Ptn, and strong evidences for their
involvement in the neurotrophic effect of Ptn have been
demonstrated (Kadomatsu and Muramatsu, 2004; Kinnunen et
al., 1996; Maeda and Noda, 1998). Early and transient
expression of RPTPβ has been reported in the developing
nervous system (Ohyama et al., 2004), and the involvement of
Ptn-RPTPβ signaling in the morphogenesis of Purkinje cells
has been clearly established (Tanaka et al., 2003). In the retina,
no evidence for the expression of the different forms of RPTP
has been reported, except for the RPTPμ, which has been shown
to be involved in chick retinal histogenesis (Ensslen et al.,
2003). As concerns the other Ptn receptor, the N-syndecan is
reported to be transiently expressed in the retinal plexiform
layers, with an intense staining in the IPL from P0 to P7 (Inatani
et al., 2002). Consistent with the expression pattern of Ptn, a
paracrine action of Ptn-N-syndecan could be possible at the
level of the IPL. Indeed, Ptn derived from nascent Müller and
bipolar cells from the INL may play a role in facilitating
terminal differentiation of bipolar cells to establish correct
neural network on the plexiforms.
Even though Ptn exhibited similar effects than CNTF on rod
and bipolar cell differentiation, our results demonstrated that
Ptn did not affect the Müller cell differentiation, in contrast to
CNTF (Goureau et al., 2004; Zahir et al., 2005). This result
suggests that CNTF induced an additional pathway which is
required for its effect on Müller cell differentiation. As concerns
CNTF signaling, our precedent study demonstrated that both
STAT and ERK activation participate in CNTF-induced Müller
glia genesis (Goureau et al., 2004) while only Jak/STAT
signaling pathway is involved in regulating rod photoreceptor
differentiation (Rhee et al., 2004; Zhang et al., 2004). Therefore,
forced expression of Ptn in the retina may not be sufficient to
activate all signaling pathways required to promote progenitor
cells to adopt the glial fate, accounting for the absence of Ptn
effect on Müller cell genesis.
We propose that influence of CNTF family cytokines in
multiple cell types to regulate progenitor cell differentiation
during postnatal development is in part mediated by the
secondary release of Ptn. Among proliferating progenitor
cells, cytokine-increased Ptn expression could bias uncom-
mitted progenitors towards the bipolar cell fate and then control
photoreceptor cell differentiation by suppressing rhodopsin
expression. Among postmitotic cells in the INL, the CNTF-
induced Ptn release by committed and differentiated Muller and
bipolar cells may positively influence the differentiation of
538 J. Roger et al. / Developmental Biology 298 (2006) 527–539retinal progenitors into bipolar cells. Finally, a control of rod
differentiation by CNTF or LIF might exist in presumptive
photoreceptors in the ONL, by suppressing rhodopsin expres-
sion independently of the cytokine-induced Ptn release.
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